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Bacterial adaptationThis study assessed the efﬁcacy of Rosmarinus ofﬁcinalis L. essential oil (ROEO) and 1,8-cineole (CIN) in
inhibiting the survival of Pseudomonas aeruginosa ATCC 9027, and the capacity to induce direct protection
and bacterial cross protection against lactic acid, NaCl and high temperature following exposure to different
sublethal amounts of the compounds in a meat based broth. Overnight exposure of P. aeruginosa to sublethal
concentrations of both compounds revealed no induction of direct protection and cross protection. Cells
subjected to 24-hour cycles of adaptation in increasing amounts of the antimicrobials showed no increase
in direct tolerance, as they were able to survive in growth medium containing up to 1/4 and 1/2 of the min-
imum inhibitory concentration of the ROEO and CIN, respectively. The results of this study revealed evidence
for lack of induction of direct protection or cross protection in P. aeruginosa ATCC 9027 when exposed to sub-
lethal amounts of ROEO or CIN in a meat-based broth, as determined by monitoring cell survival and growth
behavior.
2012 Elsevier Ltd. Open access under the Elsevier OA license.©1. Introduction
Pseudomonas aeruginosa is a ubiquitous environmental bacterium
with great adaptability and metabolic versatility. It is an important
opportunistic human pathogen associated with the spoilage of a vari-
ety of foods (Yi, Zhu, Fu, & Li, 2010). Resistance to antimicrobials
and biocides is a long recorded aspect of Pseudomonas, and adaptation
of Pseudomonas species by serial passage in increasing concentra-
tions of these compounds is already well documented (Tattawasart,
Maillard, Furr, & Russell, 1999).
The special risk posed by P. aeruginosa has provoked studies on de-
velopment of novel technologies to control this bacterium (Mann,
Cox, & Markham, 2000; Yi et al., 2010), and the essential oils of plants
and their constituents have been featured as interesting alternative to
control this bacterium in foods (Victoria et al., 2012). Previous studies
showed that Rosmarinus ofﬁcinalis L. (rosemary) essential oil (ROEO)
possesses strong antimicrobial activity against food-related patho-
genic bacteria, including species of Pseudomonas (Azerêdo, Stamford,
Nunes, Gomes-Neto, & Souza, 2011; Tyagi & Malik, 2010). The antimi-
crobial property of ROEO has been linked to the monoterpene
1,8-cineole (CIN), which is often found to be the major compound
therein (Azerêdo et al., 2011; Sousa et al., 2012).Paraíba, Centro de Ciências da
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de Souza).
evier OA license.This study assessed the efﬁcacy of the ROEO and CIN in inhibiting
the growth and survival of P. aeruginosa ATCC 9027 and evaluated the
development of direct protection and cross protection when the
strain was exposed to sublethal concentrations of these substances
in a meat-based broth.2. Material and methods
2.1. Essential oil and CIN
ROEO (batch ROSTUN04; density at 20 °C: 0.94; refractive index at
20 °C: 1.51) was purchased from Aromalândia Ind. Com. Ltda. (Minas
Gerais, Brazil. The compound CIN was purchased from Sigma Aldrich
(Sigma, France). Solutions of ROEO and CIN (160–0.075 μL/mL) were
prepared in nutrient broth (Himedia, India) using bacteriological
agar (0.15 g/100 mL) as a stabilizing agent (Bennis, Chami, Chami,
Bouchikhi, & Remmal, 2004).2.2. Test microorganism
P. aeruginosa ATCC 9027 was obtained from the Collection of Ref-
erence Microorganisms at the National Institute of Control Quality
in Health (FIOCRUZ, Rio de Janeiro Brazil). Inocula of P. aeruginosa
ATCC 9027 used in the assays (c.a. 7 log of cfu/mL) were obtained as
previously described (Sousa et al., 2012).
Fig. 1. Viable cell counts of P. aeruginosa ATCC 9027 inmeat broth towhich the essential
oil and 1,8-cineole (at its MIC) were added following overnight exposure at 35 °C to
sublethal concentrations of R. ofﬁcinalis L. essential oil (A): (■) Control, non-adapted
cells; (▲) cells pre-adapted at 1/2 MIC, 20 μL/mL; (Δ) cells pre-adapted at 1/4 MIC,
10 μL/mL and 1,8-cineole (B): (■) Control, non-adapted cells; (▲) cells pre-adapted
at 1/2 MIC, 40 μL/mL; and (Δ) cells pre-adapted at 1/4 MIC, 20 μL/mL.
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Time-kill assays and assays to determine the development of direct
protection and bacterial cross-protectionwere performed using ameat-
based broth (Oliveira, Stamford, Gomes Neto, & Souza, 2010) as a sub-
strate for bacterial cultivation.
2.4. Determination of the Minimum Inhibitory Concentration (MIC)
and time-kill assay
MIC values of ROEO and CIN were determined usingmacro-dilution
in broth. (Nostro et al., 2001). The effect of ROEO and CIN (MIC, 1/2MIC
and 1/4 MIC) on the bacterial viability in meat broth over 120 min was
evaluated by the viable cell count procedure (Barros et al., 2009), and
the results were expressed in the log of cfu/mL.
2.5. Induction of bacterial direct and cross protection
For assessing the induction of bacterial direct protection, the strain
was exposed overnight to sublethal concentrations (1/2 MIC and 1/4
MIC) of ROEO or CIN in meat broth at 35 °C (Luz, Gomes Neto,
Tavares, Magnani, & Souza, 2012a; Luz et al., 2012b). The induction
of direct protection was determined by comparing the viable cell
counts (log cfu/mL) in the treated and untreated (cells not previously
exposed to ROEO or CIN) suspensions upon further inoculation into
meat broth at 35 °C, to which the same stress agent was added at
its MIC values.
The induction of bacterial cross protection was performed by an
overnight exposure of the bacterium to sublethal amounts of the
ROEO or CIN in meat broth, followed for exposure to other stressing
agents (45 °C, pH 5.2, NaCl 10 g/100 mL, conditions that modestly
inhibited the growth of the assayed strain) (Luz, Gomes Neto, Tavares,
Magnani, & Souza, 2012a, Luz, Gomes Neto, Tavares, Nunes, et al.,
2012b). The induction of bacterial cross protection was measured by
comparing viable cell counts (log cfu/mL) in the treated and untreated
samples following inoculation into growth media either containing
stressful additives or exposed to environmental stressful conditions.
The capacity of the tested bacterial strains to develop tolerance to
the ROEO and CIN was also assessed through exposure of the bacteri-
um to increasing amounts of these compounds (1/16 MIC–2×MIC)
throughout successive 24 h habituation cycles in meat broth, regard-
ing a more prolonged time of exposure according to a previously de-
scribed procedure (Luz, Gomes Neto, Tavares, Magnani, & Souza,
2012a, Luz, Gomes Neto, Tavares, Nunes, et al., 2012b).
2.6. Reproducibility and statistics
All assays were performed in triplicate on three separate occasions
and the results were expressed as an average of the assays. The signif-
icant differences (Pb0.05) were calculated by ANOVA followed by
Tukey tests using the Software Sigma stat 3.1.
3. Results and discussion
The ROEO and CIN displayed MIC value of 40 and 80 μL/mL for
P. aeruginosa ATCC 9027, respectively. ROEO at MIC strongly inhibit-
ed the viability of P. aeruginosa with a steady kill-rate throughout
120 min of exposure. The ROEO at 1/2 MIC and 1/4 MIC displayed an
initial inhibition of the cell viability up to 15 min of exposure, however
from this time onward the viable cell counts revealed a linear and pro-
gressive increase, with viable counts between 6–7 log cfu/mL after
120 min of exposure. For all of the concentrations tested (MIC, 1/2
MIC and 1/4 MIC) CIN inhibited the viability of P. aeruginosa through-
out 120 min of exposure. CIN at 1/2 MIC and 1/4 MIC decreased the
viable cell count to approximately 5 log cfu/mL after 120 min ofexposure, revealing that these concentrations were inhibitory to the
growth of the tested strain, but not lethal.
The overnight exposure of P. aeruginosa to sublethal amounts of
both ROEO and CIN (1/2 MIC and 1/4 MIC) did not reveal induction
of bacterial direct protection (Fig. 1A–B), as demonstrated by the via-
ble cell counts over 240 min of exposure. Interestingly, pre-adapted
cells and cells that were not pre-adapted showed similar kill curve
shapes over the time intervals that were examined, althoughwith dif-
ferences (P>0.05) in the counts of viable cells over time. P. aeruginosa
that had been previously challenged with sublethal concentrations of
ROEO or CIN displayed a decrease in viable counts (Pb0.05) when the
cells were further cultivated in growth medium to which the same
compound (at its MIC) was added. Moreover, there was no difference
(P>0.05) between the viable counts when compared the cells habit-
uated to both ROEO or CIN at 1/2 MIC and 1/4 MIC following further
cultivation in growth medium to which the same compound (at its
MIC) was added.
Consistent with the results of the bacterial direct protection assays,
P. aeruginosa cells that were exposed overnight to sublethal concen-
trations (1/4 MIC and 1/2 MIC) of ROEO or CIN showed no induction
of cross-protection to lactic acid (pH 5.2), salt (NaCl at 10 g/100 mL)
or high temperature (45 °C) (Figs. 2A–C and 3A–C), as determined
by the viable cells counts throughout the 240 min of exposure. The
Fig. 2. Viable counts of P. aeruginosa ATCC 9027 in meat broth with lactic acid at pH 5.2
(A), with 10 g/100 mL NaCl (B) and at 45 °C (C) after overnight exposure to sublethal
concentrations of R. ofﬁcinalis L. essential oil. (■) Control, non-adapted cells; (▲) cells
pre-adapted at 1/2 MIC, 20 μL/mL; and (Δ) cells pre-adapted at 1/4 MIC, 10 μL/mL.
Fig. 3. Viable counts of P. aeruginosa ATCC 9027 in meat broth with lactic acid at pH 5.2
(A), with 10 g/100 mL NaCl (B) and at 45 °C (C) after overnight exposure to sublethal
concentrations of 1,8-cineole. (■) Control, non-adapted cells; (▲) cells pre-adapted at
1/2 MIC, 40 μL/mL; and (Δ) cells pre-adapted at 1/4 MIC, 20 μL/mL.
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ing agents was always higher (Pb0.05) or similar (P>0.05) than the
sensitivity revealed by the non-adapted cells over the assessed time
intervals.Cells of P. aeruginosa exposed (24 h cycles) to increasing amounts of
ROEOor CINwere able to survive (as demonstrated by viable cell counts)
in broth to which the ROEO and CIN were added in concentrations up to
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the cells to increasing amounts of both substances did not stimulate
the development of higher tolerance. The inhibition of the cells already
present in the broth upon the addition of sublethal amounts of the test-
ed substances could be related to the manifestation of cell injury; when
bacterial cells are kept continuously exposed in a stressing but non-
lethal environment, as was provided by the sublethal amounts of the
ROEO and CIN, the cells may lose viability and the capacity to survive
over time (Dodd, Sharman, Bloomﬁeld, Booth, & Stewart, 1997).
The absence of any induction of direct or cross protection in
P. aeruginosa following an one-step challenge (18 h exposed to sub-
lethal concentrations) and a multi-step challenge (24-hour cycles of
exposure to sublethal concentrations ) of both ROEO and CIN is par-
ticularly interesting in light of the previously documented develop-
ment of homologous and heterologous resistance of P. aeruginosa
upon adapted with sublethal amounts of some antibiotics, biocides
or antimicrobial procedures (Hassani, Mañas, Pagán, & Condón,
2007; Joynson, Forbes, & Lambert, 2002; Massier et al., 2012).
The results of this study reveal that P. aeruginosa ATCC 9027
was not able to acquire direct protection and cross protection (acid-
tolerance, osmotolerance and thermotolerance) when exposed to
sublethal amounts of the ROEO and its majority compound CIN in a
meat based broth. The lack of induction of tolerance in P. aeruginosa
by ROEO and CIN reinforce the possibility of the use of the substances
as anti- P. aeruginosa compounds in foods regarding their efﬁcacy to
establish an inhibitory effect, besides the low capacity to induce bac-
terial tolerance.
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